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and has been associated with childhood behavior problems 6,7 and adolescent psychopathological tendencies. 5 We have recently reported an association between the DRD4 exon III 48 basepair repeat polymorphism and disorganization of infants' attachment behavior towards their mother in a low-social-risk group of 1-year-old infants: 8 the risk for disorganized attachment among infants carrying the 7-repeat allele was fourfold. Here we report further evidence for the involvement of the dopamine D4 receptor gene in attachment disorganization. The same group of infants was genotyped for the functional −521 C/T single nucleotide polymorphism (SNP) in the upstream regulatory region of the DRD4 gene 9 in order to test the association with attachment disorganization both alone and in interaction with the DRD4 exon III 7-repeat allele. While the −521 C/T genotype itself had no effect on attachment status ( 2 = 0.41, df = 2, P = 0.82), there was an interaction between the structural 48-bp repeat polymorphism and the −521 C/T promoter polymorphism: the association between disorganized attachment and the 7-repeat allele was enhanced in the presence of the −521 T allele ( 2 = 6.61 and 6.67, df = 1, P Ͻ 0.025 for CT and TT genotypes, respectively). In the presence of both risk alleles the odds ratio for disorganized attachment increased tenfold. This result supports our previous postulation that the DRD4 gene plays a role in the development of attachment behavior in low-risk, non-clinical populations. Molecular Psychiatry (2002) 7, 27-31. DOI: 10.1038/ sj/mp/4000986
The role of dopamine receptor and transporter genes in both normal traits and psychopathology has been intensively studied in the past decade. 10, 11 One of the most frequently targeted candidate genes is the highly polymorphic dopamine D4 receptor (DRD4) gene. 12, 13 A 48-bp VNTR polymorphism has been identified in exon III with the 4-repeat allele being the most common, followed by the 7-repeat form 14 which is 2-3 times less potent in dopamine-mediated coupling to adenylyl cyclase than the 4-repeat form. 15 Evidence linking the 7-repeat allele of the DRD4 gene with infant temperament traits of negative emotionality [16] [17] [18] and maladaptive behavioral problems, especially attention deficit hyperactivity disorder (ADHD) in children, is being accumulated.
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Recently, we found that the 7-repeat DRD4 allele was 2.5 times more frequent among one-year-old infants who showed disorganized attachment behavior, ie were unable to cope with the stress elicited by the two brief separations from the caregiver in the Strange Situation experiment. 8 The greater difficulty these infants have in resolving anxiety was earlier confirmed by physiological indicators of more intense negative arousal, such as greater cardiac and adrenocortical reactivity. 22, 23 About 15% of infants in non-clinical, low-risk populations show such incoherent, 'disorganized/disoriented' behavior as described in detail by Main and Solomon. 1 Apart from the genetic risk related to the DRD4 exon III 7-repeat allele that we recently reported, the only child factors that have previously been found to predict disorganized (D) attachment in a non-clinical low-risk population are poor neonatal orientation and emotional regulation. 24 The present report is concerned with a further study of the involvement of the DRD4 gene in attachment disorganization. We have investigated the −521 C/T single nucleotide polymorphism, which is a CϾT substitution in the promoter region of the DRD4 gene. 9 Using a transient expression system, Okuyama et al 25 showed that in a human retinoblastoma cell line the −521 T allele reduced transcriptional efficiency by approximately 40% compared to the −521 C variant, suggesting the functional relevance of this SNP for dopaminergic neurotransmission. Association studies with both normal personality traits and psychopathology have so far produced contradictory results. 26, 27 We have previously speculated about the role of potential genetic interaction between the structural and regulatory polymor- phisms in the mixed results of replication studies of effects of the DRD4 exon III VNTR polymorphism. 28 To investigate the possible effects of such an interaction on attachment behavior, 95 children (41 girls and 54 boys) participating in the longitudinal Budapest Infant Parent Study (BIPS), already genotyped for the 48-basepair repeat polymorphism in the third exon of the DRD4 gene, 8, 17 were also genotyped for the −521 C/T SNP. Frequencies of the C and T alleles in the BIPS sample were 0.489 and 0.511, respectively (Table 1) . Genotypes were in Hardy-Weinberg equilibrium ( 2 = 0.66, df = 2, P = 0.85). Proportions of children with and without the 7-repeat allele of the DRD4 exon III 48 VNTR polymorphism were 38.9% and 61.1%, respectively (see Methods). Recently, Barr and colleagues 29 reported a lack of linkage disequilibrium between the −521C/T promoter region and the exon III 48-bp VNTR polymorphisms. In the BIPS sample, the allelic association was tested by using the EH program 30 and it was not found to be present ( 2 = 3.81, df = 3, P= 0.28). The distribution of the −521 C/T alleles and genotypes did not differ significantly between groups with and without the 7-repeat allele ( 2 = 2.96, df = 1, P = 0.09 and 2 = 2.94, df = 2, P = 0.23 for the alleles and genotypes, respectively; for frequencies, see Table 2 ).
The one-year-old infants' attachment behavior to their mothers was assessed in the Strange Situation experiment as previously described. 8 The numbers of disorganized (D) and non-disorganized (non-D) infants are displayed in Table 1 . Table 1 shows that the distribution of the −521 C and T alleles and the respective genotypes did not significantly differ between infants of D and non-D attachment classification. However, the distributions significantly differed when D and non-D infants with different −521 C/T alleles/genotypes were compared between groups with and without the 7-repeat allele ( 2 = 21.04, df = 3, P Ͻ 0.0001 and 2 = 15.26, df = 5, P Ͻ 0.01 for the alleles and the genotypes, respectively; see Table 2 ).
Comparisons within each −521 C/T genotype (see Table 2 ) clearly indicate that attachment disorganization was affected by the 7-repeat allele in combination with the −521 C/T genotype. In other words, the previously reported 8 association between the 7-repeat allele and attachment disorganization for the whole sample (see Table 2 ) was observed only in the presence of −521 T allele (see Table 2 ). In the absence of the 7-repeat allele, there was no effect of the −521 C/T polymorphism ( Figure 1 ). Odds ratios for attachment disorganization were 0.67, 12.00 and 12.00 in the CC, CT and TT genotype groups, respectively. To the best of our knowledge, the present paper is the first to show a functional genetic interaction between structural and regulatory polymorphisms of the highly variable DRD4 gene. As we have suggested earlier, 28 contradictory replications of effects of the 7-repeat (or long) allele might be in part due to differential effects of various haplotypes resulting from combinations of the 48-bp repeat and the −521 C/T promoter polymorphisms. Little is known about the transcription regulation of the DRD4 gene 12 apart from the reduced in vitro expression of mRNA in the presence of the −521 T variant. 25 Presence of this allele may thus reduce the number of available D4 dopamine receptors in the synapses. For speculating about the mechanism of the combined effect of the two risk alleles described above, it would be important to investigate the in vivo effects of these polymorphic regions and to identify the relative (cis or trans) configuration of the allelic variants in the double heterozygotes (−521 CT and 7 + /7 − ). Assuming that the T allele decreases the expression of the DRD4 receptor gene in vivo as well, its position may affect the amount of a more potent (eg 4-repeat) or a less effective (7-repeat) receptor variant. Identification of the haplotypes in many cases will be possible by collecting genetic data from the parents which is in progress. Where this is not possible, further genotyping methods (eg, using SNP markers) will have to be employed. Clearly, independent replication is necessary to confirm the present finding. As mentioned above, data collection for genotyping the sample children's parents is in progress and will allow supplementing the current study with a family-based approach. In summary, we have extended our previous finding of a link between the 7-repeat allele and disorganized attachment by showing that this association is strongly conditioned by the presence of the −521 T allele in the 5Ј regulatory region of the DRD4 gene. In the presence of both risk alleles the odds ratio for disorganized attachment increased tenfold. This result supports our previous postulation that the DRD4 gene plays a role in the development of attachment behavior in normal, low-risk populations.
Methods

Participants
The low-risk community sample of 103 middle-class families with healthy, full-term, first-born infants (BW Ͼ 2500 g) was recruited through maternity hospitals for participation in the longitudinal Budapest Infant-Parent Study (BIPS) to investigate infants' social-emotional development. The sample was ethnically homogeneous, Caucasian, of Hungarian origin. Signed informed consent was obtained from the parents for participating in the whole study, and again for 95 children (41 girls, 54 boys) separately for the genetic investigation (five more cheek cell samples were received after publication of our previous report). 8 The remaining eight families either moved away by the time of the DNA sampling or the children refused to allow the collection of cheek cells. The research protocol has been approved by the Institute of Psychology Ethical Committee.
Attachment classification
Video recordings of the Strange Situation 3 were evaluated for attachment disorganization earlier as described by Lakatos et al. 8 Each infant's behavior was rated on a 9-point ordinal scale and the behavior of infants with a D-score Ն5 were classified as disorganized (D). Attachment classification was carried out by two of the authors (JG and IT) blind to the infants' genotype. In the BIPS sample, the distribution of infants across D and non-D, as well as across secure, avoidant and resistant categories 8 was similar to that in other nonclinical, low-risk populations. 2 
Genotyping
Non-invasive sampling, DNA isolation, and PCR amplification of DRD4 exon III VNTR were carried out as previously described.
8 DRD4 48-bp VNTR allele and genotype frequencies in the present sample of 95 children were very similar to the previously reported values for 90 BIPS children. 8 (The additional five genotypes were: 4/4, 2/7 and 7/8 for 2, 2 and 1 children, respectively.) Allele and genotype frequencies were also similar to those recently determined in a larger Hungarian population. 31 The main genotypes in the BIPS sample were in Hardy-Weinberg equilibrium ( 2 = 2.46, df = 5, P = 0.78). Two independent, hot-start PCR methods were used to establish −521 C/T genotypes as described previously: 28 we slightly modified the PCR-RFLP method Molecular Psychiatry described by Okuyama et al 25 using different primers for the PCR (forward primer: 5Ј GGA ATG GAG GAG GGA GCG GG 3Ј, reverse primer: 5Ј CGC TCC ACC GTG AGC CCA GTA T 3Ј). The other technique was a novel, single-step genotyping protocol developed in our laboratory. 32 When the two methods gave different results, the template concentration was varied until results became identical. All the genotyping was done in the Institute of Medical Chemistry, Molecular Biology and Pathobiochemistry, Semmelweis University, blind to the infants' attachment status.
Grouping DRD4 genotypes were grouped according to absence (7 − ) vs presence (7 + ) of the 7-repeat allele. We have not used the short vs long dichotomy for grouping DRD4 genotypes, partly because, for our population, it was almost the same as the 7 − vs 7 + (there was only one infant with the genotype 4/8, all others with a different long allele had a 7-repeat allele as well). Also, Wong and colleagues 11 cautioned against the short vs long grouping by calling attention to the non-linear nature of binding properties of alleles of different length. There was no significant effect of infant sex for attachment classification ( 2 = 0.42 df = 1, P = 0.52), or for the distributions of genotypes ( 2 = 0.00 df = 1, P = 0.99 for the VNTR, and 2 = 4.18 df = 1, P = 0.13 for the −521 C/T polymorphisms), so the sexes were combined for analyses of genotype effects.
